In this paper, the interactions between two dielectric barrier discharge (DBD) filaments and three bacterial biofilms are simulated. The modeling of a DBD streamer is studied by means of 2D finite element calculation. The model is described by the proper governing equations of air DBD at atmospheric pressure and room temperature. The electric field in the computing domain and the self-consistent transportation of reactive species between a cathode and biofilms on the surface of an apple are realized by solving a Poisson equation and continuity equations. The electron temperature is solved by the electron energy conservation equation. The conductivity and permittivity of bacterial biofilms are considered, and the shapes of the bacterial biofilms are irregular in the uncertainty and randomness of colony growth. The distribution of the electrons suggests that two plasma channels divide into three plasma channels when the streamer are 1 mm from the biofilms. The toe-shapes of the biofilms and the simultaneous effect of two streamer heads result in a high electric field around the biofilms, therefore the stronger ionization facilitates the major part of two streamers combined into one streamer and three streamers arise. The distribution of the reactive oxygen species and the reactive nitrogen species captured by time fluences are non-uniform due to the toe-shaped bacterial biofilms. However, the plasma can intrude into the cavities in the adjacent biofilms due to the μm-scale mean free path. The two streamers case has a larger treatment area and realizes the simultaneous treatment of three biofilms compared with one streamer case.
Introduction
Nowadays, many food industries are seeking new approaches to extend the expiration date of commodities and are searching for new technologies to realize the sustainability and safety of foods. Fresh food will deteriorate with the gradual proliferation of bacteria. Bacterial proliferation will form a layer of biofilm on its surface, making its structure more complex, and making the drugs difficult to penetrate the interior of the biofilm. Atmospheric pressure plasma (APP) at room temperature has the ability to cover small features [1] , which suggests its ability to deal with complex structures.
Meanwhile, the reactive species (ROS and RNS) in plasma have a good bactericidal effect [2, 3] , which indicates the technology of APP has great potential in food processing.
New advancements in plasma sources make it possible to develop plasma for food sanitation technically and commercially. Recently a patent presented that the nutritional quality of blueberry can be improved by dielectric barrier discharges (DBDs) [4] . Generally, plasma sources use noble gas or diand tri-atomic gas mixtures (including air) as the working gas to produce a large amount of reactive species, including ROS (O, D ( ) O 1 , effectively induce cell apoptosis, such as Salmonella Stanley and Escherichia coli inoculated on apples [5, 6] , spoilage microorganisms on the pericarps of mango and melon [7] , and Listeria innocua on meats [8] , Methicillin-resistant Staphylococcus aureus, and Pseudomonas aeruginosa on wounds [6, 9, 10] .
Basically, the plasma source used for food processing can be classified into two types. For the first type, the plasma is formed between the electrodes, and the reactive species (ROS and RNS) are later spread to the target position with a plasma plume [11] . For the second type, the target is as a floating electrode, and the plasma filaments are generated directly from the power electrode with a dielectric barrier to the floating electrode in the form of DBDs [12] . The reactive species are mainly produced in the heads of the streamers in the process of plasma propagation. The breakdown time of working gas is often 1-2 ns when the distance from the power electrode to the floating electrode (such as apples) is in the millimeter range. The plasma spreads to the surface of the target in the form of filaments, which also takes a large amount of reactive species to the target to realize treatment, meanwhile.
One of the most common but necessary apparatus that causes DBDs is the high voltage pulsed DC power supply. The range of its pulse period is from microseconds to nanoseconds, and the pulse frequency is from hundreds of hertz to tens of kilohertz [13, 14] . Therefore, it means that the pulse off time is in the range of microseconds to milliseconds. During the pulse on period, the process of the evolution of the streamers is fueled by electron ionization, excitation, and dissociation reactions, while in the pulse off time, more recombination reactions among charged ions and electrons happen as a result of the fast drop in the space electric field. The reactive species mainly exist in the streamer heads, therefore, due to the time that filaments form is only several nanoseconds, these reactive species have more time to diffuse on the surface of food or invade the bacterial biofilms in the pulse off period. Furthermore, when the time of treatment is over tens of seconds, which means through thousands of periods discharge, more and more reactive species accumulate on the surface or even in the vicinity of food [15] , and realize a better treatment effect for some complicated small structures.
The bacteria are easily bred on the surface of food with long production cycles and machines that have work for a long time, which always has adverse impacts on food quality and safety. Some psychrophilic bacteria such as Listeria monocytogenes breed even faster at low temperatures when food is put in the refrigerator. These bacteria are mostly classified as Pseudonomas fluorescens, and they multiply by absorbing nutrients from the food and proliferate at the surface. Generally, the growth takes the form of biofilms (a polysaccharide with a 3D structure), and the bacteria are hidden inside them, so that the biofilms can provide a protective environment for bacteria and withstand some germicide and other inhibitors. The bacterial biofilms always attach to fresh food, such as fruits and salad [16, 17] . However, a recent study suggests that the air plasma filaments can penetrate Enterococcus faecalis biofilm a depth of 25.5 μm [15] .
To give guidance to the experiment and realize good reproducibility of plasma sterilization ultimately, we attempt to simulate the process of streamer propagation and the interactions between plasma filaments and bacterial biofilms. Therefore, it is necessary to determine the key mechanisms of transportation and plasma chemistry with the help of other researchers' simulation models [18] [19] [20] [21] [22] [23] . Babaeva et al presented a 2D simulation model to study the intersection between air plasma filaments and human skin with a small wound in the context of plasma medicine [15] . Park et al [24] and Liu et al [25, 26] with reduced numerical complexity to capture the main physicochemical processes in the discharge. Shimizu et al [27] and Sakiyama et al [28] modeled air DBDs to analyzed the evolutions of the RNS and ROS species during hundreds of seconds. The bacterial biofilms on the surface of food are many, with various shapes in the actual situation [29] . Therefore, the processing of such a number of biofilms also requires a larger, and more uniform air plasma, which is comprised of a large number of streamers [30] . Basically, we had presented the interactions between one streamer and one biofilm [31] , therefore, to study the interactions between reactive species of multi-streamers and biofilms, and to analyze the more realistic decontamination process of air DBD, in this paper, the interactions between two DBD filaments and three bacterial biofilms are simulated.
Model description
The geometry based on the 2D Cartesian coordinate system is plotted in figure 1(a) . All physics and chemistry are computed within a 5 ×3 mm 2 rectangular computational domain. The top boundary of the geometry is a metal cathode, and below that is a 1 mm thick dielectric barrier. On the bottom of the entire domain is a vertical slice of apple, including the cuticle and epidermic cells. The apple surface is used as the floating potential. The bottom of the computational domain which actually is apple flesh is grounded. The bacterial biofilms are on the surface of apple. The bacterial biofilms with dry surface are extremely small, in fact, they are very common on dry clinical surfaces [32] . Due to the heterogeneity of the biofilm structure [33] [34] [35] , the biofilm shape is often unpredictable. In this paper, the structure of the biofilm consists of several mushroom-formed polysaccharides, with cavities between them. As shown in figure 1(b), there is a 60 μm width cavity in the adjacent biofilm, and the total size is 100×400 μm 2 . Three groups of bacterial biofilms are distributed on the left, middle, and right surface of the apple for each. In order to show the plasma properties in the specific position more easily, as shown in figure 1(c), the cavities and bulges of the biofilms are represented by different colors and numbers. Before solving the model, to provide enough space resolution in the biofilms, the space step of the simulation domain of this area is decreased to less than 1 μm.
Correspondingly, the time step of the model is controlled within 5×10
−12 s for reducing the iterative error. The gas phase reaction chemistry is actually referenced in the literature [36] . Because the model simulates air DBD, the working gas ratio of each component is set according to the proportion of air at atmospheric pressure, as 20/79/1
More than 110 chemical reactions and 20 reactive species are considered in the model. The main species in the reactions included are N , The model uses a 2D finite element method to solve the plasma governing equations. The relevant equations used in the model are the same as those described in the literature [21, 23] . The Poisson equation is used for the electric field in the whole computational domain, both the plasma area and the non-plasma area, therefore, the permittivity (ε/ε 0 ) and conductivity of the bacterial biofilms are necessary to input into the model. The related parameters are measured in reference [32] , the permittivity of the bacterial biofilm is 15 [37] , which is larger than that of the dielectric barrier below the metal cathode, however, the conductivity of the biofilm is 51 μS cm −1 [38] , which is comparatively smaller. The continuity equations are used for the transportation process of the ions, electrons, and neutral species between the dielectric barrier and the surface of the apple, the distributions and number densities of the species can be obtained by the continuity equations. The electron energy conservation equation computes the electron temperature. The three-term exponential Helmholtz model as referred in the literature [20, 23, 39] is solved for the photoionization source between N 2 and O 2 , due to photoionization playing an important role in the process producing radiation electrons in front of the plasma channels.
A small charge cloud (electrons and positive ions with density of 10 12 /m 3 ) is placed below the dielectric barrier to more easily trigger the negative filament. The initial background electron density is 10 9 /m 3 . The high electrical field near the dielectric barrier will increase the electron drift and ionization of the gas surrounding the cathode. Therefore, more and more secondary electrons are generated by ions' bombardment, and that process sustains the filaments from the dielectric barrier to the surface of the apple. In this paper, the secondary electron emission coefficient is 0.03 [40, 41] . The amplitude of the pulsed negative voltage is 25 kV, which is similar to the voltage used in air DBD for biomedicine applications. The pulse frequency is 1 kHz, with 0.1 ns rising time and 1 ns pulse width, and therefore, the pulse off time is 1 ms.
3. The negative filaments over the bacterial biofilms Figure 2 shows the dynamic characteristics of the electron density, ionization rate, and electric field. As shown in figure 2(c) , the negative filaments reach the bacterial biofilms at 0.3 ns. From the ionization rate plotted at 0.25 ns, two streamer heads have spread to 2 mm from the cathode. The electron density at this time in the plasma channel behind the streamer head is up to 2.01×10 19 /m 3 , which is not only consistent with the measured electron density of the negative air streamers [42] , but is also almost 60 times higher than the density of the plasma jet in noble gas [22, 39] . The voltage drop is in the sheath below the dielectric barrier, and the high conductivity in plasma channels result in 80% of the applied voltage in the streamer heads. The right side of figure 2(j) shows that the electric field near the bacterial biofilms is high (5.83×10
6 V m −1 ), and this is because of the needle tail-shaped bacterial biofilms and the huge voltage difference between the streamer head and the surface of the apple. The maximum electric field is 2.37×10 7 V m −1 , which is 7.9 times larger than the air breakdown electric field (3×10 6 V m −1 ) [43] . As shown in figure 2, although there is almost no difference in the velocity of the spread of the two streamers, the results show that the two plasma channels can be divided into three plasma channels as the streamers are 1 mm from the biofilms ( figure 2(c) ). The high electric field formed due to the irregular shapes of the biofilms and the simultaneous effect of two streamer heads, which results in the stronger ionization near the biofilms (left: 2.18×10 6 mol/(m 3 ·s)), middle: 1.90×10 6 mol/(m 3 ·s), right: 2.33×10 6 mol/(m 3 ·s)), and that facilitates a major part of two streamers combining Figure 2 . Time evolution of the electron density (top row), ionization rate (middle row), and electric field (bottom row) for a plasma streamer over the bacterial biofilm. The maximum magnitude is written in each frame.
into one streamer with three streamers arising. After the streamer reaches the biofilm, the secondary electrons with high energy increased the ionization at the sheath boundary, therefore, the peak electron density moves from the biofilms to the sheath below the dielectric barrier (figures 2(c) and (d)). Figure 3 As shown in figure 3(a) , the maximum density of NO reaches 8.50×10 20 figure 3(d) . of these streamers is in the range of 2-10 μm, which has further sustained the conclusion. The simultaneous effect of two streamers and the shortest distance between the cathode and the middle biofilm result in the maximum electric field and electron density located in the middle biofilm, which in turn arouse stronger ionizations along the surface of the biofilms and the surface of the apple in the horizontal direction. Compared with one streamer case [31] , for the two streamers case, the plasma is able to cover 90% of the surface of the apple on which the electron density is at least 1×10 19 /m 3 . Figures 4(c) , (f), and (i) show the high transient electric field in the vicinity of the bacterial biofilm in which the maximum value is 9.65×10 6 V/m (middle) due to the accumulation of the electrons. This electric field is larger than the nanosecond pulse electric field 60 kV/cm which can be used to induce the cell apoptosis and therefore can be an additional factor in food decontamination [48] . Because of electron heating in the strong electric field [49] , the electrons with high temperature can further facilitate the infiltration of the plasma into the vicinity of the biofilm.
During the pulse on time, the number density of the reactive species in the vicinity of the biofilms increases. Because the calculation result of the reactions referred to in [36] shows that the O atoms and N atoms are dominantly generated by the electron impact dissociation [50] [51] [52] , the O atoms and N atoms have a similar distribution of electrons. The maximum number density of the electrons is in the cavity of the biofilm, as do the N atoms and O atoms at the same time. From the density of the reactive species, except the O atoms, the increasing ratio of the NO density is much more than three times the increase ratio of other species. The high number density of the reactive species results in a high osmotic pressure between the inside and the outside of the biofilms, therefore, making it easier for these reactive species to enter into the biofilms, especially for the NO species, the lipid peroxidation and even cell injury are more effective since the higher intracellular ROS concentration increased by intracellular NO concentration [53] . Therefore, the high number densities of the reactive species in the cavities between the biofilms may be an important factor of strong bactericidal effect ( figure 5) .
The treatment time of air DBD in food decontamination is often several minutes [54, 55] , and the common pulse frequency used is in the kilohertz range [56] . To figure out the accumulation of reactive species around the biofilms in such a treatment time-scale and have a better judgment of the effect of plasma treatment, the time fluence is introduced in the model. Time fluence is calculated by using treatment times multiplied by time integrating the species flux. In this paper, 3 min of plasma treatment time and 1 kHz pulse frequency is the typical value. However, due to the restriction of computing memory, it is really difficult to simulate a whole period, therefore, the time fluence plotted is solved by partial time integration, and its value is actually smaller than in the real case. Nevertheless, it is still useful for the sterilization assessment. Considering that the surface area of one bacteria cell exposed to the streamer is about 4-5 μm 2 , the time fluences of all reactive species should be over 2×10 12 /m 2 to make sure one bacteria cell receives one reactive species at least during 3 min of treatment. According to reference [57] , the contribution of UV photons to the inactivation of bacteria is much less than that of ROS and RNS, so the time fluence of UV photons are not plotted here. Figure 6 shows the distribution of the time fluences of the positive and negative species over the biofilms. The power coupled to ions [49] and the electric field near the biofilms lead to the high fluence of the positive ions (sum of + N , 14) is larger than that at the bulge of the biofilm (such as sites 11, 13) , which is consistent with the peak electron density inside the cavity shown in figure 4(d) . Because of the structure of the biofilms, the time fluences on the side wall of the bulge are small, especially the time fluence on the side wall of bulge 11 is smallest, as a result of the bulge 11 blocking the fluxes into cavity 10. Figure 7 presents the time fluences of ROS and RNS. The distribution along the surfaces of the bacterial biofilms and the apple is similar to the ions, which means that the effect of the biofilm structure to the ROS and RNS is consistent with the ions. Though the drift velocity of ions is faster than the diffusion of neutral species in a strong electric field, the time fluences of ROS and RNS are almost the same order of magnitude as the ions (figures 6 and 7). The reason should be attributed to the localized electron dissociation and high transient electric field caused by surface charge accumulation. 12 /m 2 , therefore, it is indeed evident that bacterial biofilms can be treated with reactive species delivered by plasma filaments. Furthermore, compared with the one streamer case [31] , the two streamers have more treatment area, no matter the surface of the biofilms and the surface of the apple, so that the reactive species delivered from multiple filaments can treat the biofilms more sufficiently.
Conclusion
The interactions between two DBD filaments and three bacterial biofilms have been simulated in this paper. The propagation dynamics show that two plasma channels can be divided into three plasma channels when the streamers are 1 mm from the biofilms. The toe-shape of the biofilms and the simultaneous effect of two streamer heads results in the higher electric field of the biofilms, therefore the stronger ionization facilitates a major part of the two streamers combining into one streamer and three streamers arising. The model also shows that the distribution of ROS and RNS during the pulse on time captured by time fluences are non-uniform due to the toe-shaped bacterial biofilms. However, the plasma can penetrate into the cavities of the biofilms for the μm-scale mean free path. The two streamers case has a larger treatment area and realizes the simultaneous treatment of three biofilms compared with the one streamer case.
